Purpose: To evaluate adiabatic T 1q and T 2q of articular cartilage in symptomatic osteoarthritis (OA) patients and asymptomatic volunteers, and to determine their association with magnetic resonance imaging (MRI)-based structural abnormalities in cartilage and bone. Materials and Methods: A total of 24 subjects (age range: 50-68 years; 12 female) were enrolled, including 12 early OA patients and 12 volunteers with normal joint function. Patients and volunteers underwent 3T MRI. T 2 , adiabatic T 1q , and T 2q relaxation times of knee articular cartilage were measured. Proton density (PD)-and T 1 -weighted MR image series were also obtained and separately evaluated for morphological changes using the MRI OA Knee Scoring (MOAKS) system. Comparisons using the Mann-Whitney nonparametric test were performed after dividing the study participants according to physical symptoms as determined by Western Ontario and McMaster Universities (WOMAC) score or presence of cartilage lesions, bone marrow lesions, or osteophytes. Results: Elevated adiabatic T 1q and T 2q relaxation times of articular cartilage were associated with cartilage loss (P 5 0.024-0.047), physical symptoms (0.0068-0.035), and osteophytes (0.0039-0.027). Elevated adiabatic T 1q was also associated with bone marrow lesions (0.033). Conclusion: Preliminary data suggest that elevated adiabatic T 1q and T 2q of cartilage are associated with morphological abnormalities of cartilage and bone, and thus may be applicable for in vivo OA research and diagnostics. Level of Evidence: 2 Technical Efficacy: Stage 2
O steoarthritis (OA) of the knee is commonly associated with disabling symptoms such as pain and joint dysfunction, and displays morphological alterations in multiple joint structures. Knee radiographs are traditionally used to support the clinical diagnosis, although radiographic features such as osteophytes and joint space narrowing become useful criteria to assess severity of OA mainly when the disease is relatively advanced.
The poor sensitivity and reliability of the radiographic assessment of the knee 1,2 is the principal reason for the discordance between clinical and radiographic OA in the early stages of the disease. Radiographs lack the ability to directly visualize soft tissue and have shown weak associations with physical symptoms. 3 To improve the accuracy of early OA diagnosis, an ideal biomarker should be associated with both morphological changes in the joint structures and symptoms. Furthermore, structural abnormalities are accompanied and preceded by biochemical changes in articular cartilage (AC), 4 therefore the ideal biomarker for early OA should also reflect such changes. Quantitative magnetic resonance imaging (qMRI) parameters, such as T 2 and T 1q relaxation time, have shown their ability to detect pathological changes in AC composition. 5 T 2 and T 1q
provide information about slow interactions of water molecules with their local macromolecular environment in biological tissues. 6 Both techniques, however, have some drawbacks in terms of clinical applications. T 2 maps can be confounded by the magic angle effect, while T 1q is particularly susceptible to field inhomogeneities. Moreover, conventional continuous wave (CW) spin-lock results in relatively high RF power deposition in tissues, hence pulse amplitudes in vivo are limited to a maximum of few hundred Hz. Adiabatic T 1q (AdT 1q ) and T 2q (AdT 2q ) relaxation time techniques use adiabatic spinlock pulses, which are particularly advantageous in the clinical domain. During an adiabatic pulse, both amplitude and frequency are varied in time, 7 therefore AdT 1q and AdT 2q are sensitive over a wide range of slow molecular interactions. 8, 9 AdT 1q and AdT 2q mapping have demonstrated high sensitivity to cartilage degeneration in several preclinical studies [10] [11] [12] [13] and degenerated human cartilage specimens. 14 They have been shown to strongly correlate with OA histopathology and AC biomechanical parameters, 14 and have better sensitivity to OA cartilage changes as compared to CW-T 1q or T 2 relaxation time. 10, 11 Moreover, the use of adiabatic RF pulses for spinlocking is advantageous in reduction of the effects of magnetic field inhomogeneities and mitigation of specific absorption rate (SAR). [15] [16] [17] Reduced sensitivity to the magic angle effect of adiabatic T 1q has also been reported compared to T 2 and conventional CW-T 1q . 18 AdT 1q and AdT 2q have already been optimized for AC imaging in the clinical environment and have shown good to excellent reproducibility. 19 Therefore, the techniques are promising candidates as quantitative noninvasive biomarkers for early OA. The aims of the present study were 1) to evaluate AdT 1q and AdT 2q in symptomatic OA patients and asymptomatic volunteers, and 2) to determine the association of AdT 1q and AdT 2q with MRI-based structural abnormalities in cartilage and bone.
Material and Methods

Study Participants
This prospective case-control study was approved by the local Institutional Review Board (IRB) on human research ethics. Participants were selected from the Oulu Knee Osteoarthritis Study cohort 20 23 for assessment of pain, stiffness, and physical dysfunction perceived in the last week. All the 24 parameters in the questionnaire were graded with a 100 mm-visual analog score (VAS). The average WOMAC index (the total score divided by the number of parameters in the questionnaire) was used to classify the overall severity of the symptoms. 23 
Radiograph Acquisition and Interpretation
Weight-bearing posteroanterior nonfluoroscopic radiography of the symptomatic knees of patients was undertaken before their enrollment in the present study, within a maximum of 6 months before the MRI examination. The X-ray beam was angled 108 caudally and the patient's feet were positioned in 58 of external rotation with the knees at fixed 208 flexion. Radiographic severity of the knee OA was scored by a single observer (J.M.K., 30 years of experience) using the KL grading system. Since the primary focus of this preliminary study was symptomatic patients at an initial stage (ie, pre-and early radiographic stage) of OA disease process, radiographic readings were used to exclude subjects with definite joint space narrowing (KL 3 or above).
MRI Acquisition
MRI data of patients and volunteers were acquired on a 3T scanner (Skyra, Siemens Healthcare, Erlangen, Germany) using a dedicated 15-channel transmit/receive coil (QED, Mayfield Village, OH). In patients, the knee with clinical signs of OA (or with greater KL score in case of subjects with symptoms in both knees) was imaged, while in volunteers the knee was chosen at random. The protocol included six sequences: Proton density (PD)-weighted (PD-w) turbo spin echo (TSE), fat-suppressed (FS) PD-w SPACE, T 1 -weighted TSE, T 2 mapping, AdT 1q and AdT 2q mapping. 19 The imaging parameters of each sequence are listed in Table 1 .
MRI Interpretation
Semiquantitative MRI OA Knee Score (MOAKS) 24 was used to assess the FS PD-w SPACE images of the knee (interpreted by A.G., 17 years of experience with semiquantitative MRI analysis of knee OA) for cartilage loss and bone marrow lesions (BMLs) in 12 anatomical regions (six femoral and six tibial, Fig. 1 ): lateral/medial trochlea (Tr), lateral/medial central femur (CF), lateral/medial posterior femur (PF), lateral/medial anterior tibia (AT), lateral/medial central tibia (CT), and lateral/medial posterior tibia (PT). For each region, the relative size of cartilage loss and the relative volume of BML were separately scored with a four-grade scale (0-3, 0 for intact tissue). 24 Similarly, the presence and extent of marginal osteophytes was evaluated with the MOAKS (0-3, 0 for no osteophytes) in lateral/ medial Tr, CF, and PF, and in lateral/medial peripheral tibial plateau using both sagittal PD-w and coronal T1-w images. 24 
MRI Quantitative Analysis
Cartilage AdT 1q , AdT 2q , 8, 9, 19, 25 and T 2 maps were obtained by monoexponential fitting of the signal intensity decays on a pixel-bypixel basis. Lateral and medial cartilage compartments were manually segmented on T 2 -and AdT 1q -weighted images by a single reader blinded to morphological findings (V.C., 3 years of experience) in a manner analogous to the MOAKS anatomical regions, which were further subdivided in half for superficial and deep cartilage layers (Fig. 1) . Finally, the average values for the three quantitative MRI parameters were calculated in all regions of interest (ROIs), not including pixels showing a clear partial volume effect with fluids or other structures, ie, hyperintense pixels on T 2 -weighted images with relaxation values out of physiological range for articular cartilage. ROIs containing fewer than 10 pixels or having more than 50% of pixels affected by the partial volume effect were excluded from the analysis. All the calculations were performed using MatLab in-house software (MathWorks, Natick, MA).
Statistical Analysis
For each ROI, nonparametric Mann-Whitney tests were performed to compare AdT 1q , AdT 2q and T 2 values between: 1) symptomatic patients (average WOMAC index >0) and asymptomatic volunteers (average WOMAC index 5 0); 2) subjects with intact cartilage (MOAKS 5 0) and subjects with any cartilage loss (MOAKS greater than 0) in the anatomical region of the considered ROI; 3) subjects with normal bone marrow (MOAKS 5 0) and subjects with BML (MOAKS >0) in the anatomical region of the considered ROI; 4) subjects with no osteophytes (MOAKS 5 0) and subjects with osteophytes (MOAKS >0) in the anatomical region of the considered ROI. Based on former T 1q data, 22 the minimum group size was set equal to four
ROIs. Pearson's correlation coefficients (r) were calculated to assess the relationship between AdT 1q , AdT 2q , and T 2 averaged across the whole femoral or tibial compartment. All statistical analyses were performed using SPSS software (IBM SPSS 22.0, Armonk, NY). Differences at P < 0.05 were considered significant.
Results
Participants Table 2 presents the demographic characteristics of the participants (12 female, mean age 60.1 years, range: 50-68; 12 male, mean age 58.8 years, range: 50-65). Body mass index was significantly different between the volunteer and patient groups. Two volunteers reported mild physical symptoms in the WOMAC questionnaire. Five symptomatic patients had radiographic OA (KL 5 2). The majority of the subjects presented signs of morphological changes with substantial overlap between patients and volunteers. Only five subjects did not present any MRI OA features, specifically three asymptomatic subjects and two patients. The number of subjects with cartilage damage, BMLs, and osteophytes for each anatomical region are reported in Table 3 . Figure  2 shows an example of cartilage AdT 1q , AdT 2q , and T 2 maps.
Asymptomatic Volunteers and Symptomatic Patients
The two volunteers who reported mild physical symptoms and the matching subjects in the patient cohort were excluded from this comparison. Due to the slice orientation, Tr and ATregions in the medial compartment were only partially visible and, after correction to minimize partial volume effect from surrounding tissues and synovial fluids, some ROIs became too small (<10 pixels) and therefore were excluded from the analysis. As a result, there were not enough valid cases in the two groups to perform the comparisons in medial deep Tr and medial superficial and deep AT. In symptomatic patients, compared to asymptomatic subjects, elevated AdT 1q and AdT 2q were found in deep PT in medial (P < 0.01 and P 5 0.035, respectively) and lateral compartment (P 5 0.029 and P 5 0.035, respectively) ( Table 4 ). Compared to asymptomatic subjects, patients showed significantly longer T 2 (P 5 0.018) in medial deep PT.
Cartilage Loss
There were not enough subjects in the AC lesion group in lateral Tr and PF, lateral and medial AT, and medial PT (Table 3) ; therefore, no comparisons were performed in those regions.
Significant differences were found in relaxation times between subjects with intact cartilage and subjects with cartilage loss in multiple sites (Table 5) . Specifically, elevated AdT 1q , AdT 2q , and T 2 associated with cartilage loss were observed in two, three, and one ROIs, respectively, with similar significance levels (P 5 0.023-0.047). Furthermore, at most ROIs for which the differences were not significant, a trend towards prolonged relaxation times was observed in the presence of cartilage damage. Considering only the ROIs showing significant differences, the relative differences in means were greater in T 2 (39%) as compared with AdT 1q (16-21%) and AdT 2q (17-20%) . AdT 1q and AdT 2q both had larger values in superficial and deep layers of lateral CT. At the same site, prolonged T 2 relaxation time was observed in the superficial and deep layers, although the difference did not reach statistical significance (P 5 0.075-0.055). PT 5 Posterior Tibia. *In medial superficial Tr, n was four and seven for Asympt and Sympt groups, respectively.
P-values from Mann-Whitney nonparametric test; significant differences are shown in bold with gray background. Significantly elevated T 2 was found in lateral deep CF. In the medial compartment, elevated AdT 2q in subjects with damaged cartilage were found in deep PF.
Bone Marrow Lesions
Among the considered regions, only in medial CF was the number of subjects with BMLs enough to perform the comparison (Table 3) . Significantly longer AdT 1q was found in the superficial layer in the lesion group (P 5 0.033), with similar relative differences in mean relaxation times (13 and 15%) ( Table 6 ). In the same ROI, although not significant, T 2 showed a trend towards elevated values in the presence of BMLs (P 5 0.056).
Osteophytes
Lateral compartment regions were excluded from analyses since there were not enough subjects in the group with osteophytes (Table 3 ). In the medial compartment, all ROIs had enough valid cases except superficial and deep AT for all the three parameters ROIs and superficial PT for AdT 2q . Relaxation times showed significant differences in PT in subjects with osteophytes (Table 7) . AdT 1q , AdT 2q , and T 2 were simultaneously elevated in deep PT. Differences in AdT 1q and T 2 showed a stronger level of significance (P 0.01) as compared to AdT 2q . In the same site, AdT 1q and T 2 were significantly elevated also in the superficial layer. The relative differences in means were greater in AdT 1q (19-35%) as compared to AdT 2q (24%) and T 2 (23-26%). Elevated relaxation times were also observed in presence of osteophytes in most of the ROIs that showed no significant differences.
Correlation
The T 2 averaged across the whole of femoral cartilage was moderately correlated with AdT 1q (r 5 0.48; P 5 0.00054) and AdT 2q (r 5 0.40; P 5 0.0045). The correlations were stronger in tibia (r 5 0.77 and 0.76, respectively; P < 0.0001). Cartilage AdT 1q and AdT 2q were strongly correlated, and the correlation was stronger in tibia (r 5 0.86; P < 0.0001) than in femur (r 5 0.75; P < 0.0001).
Discussion
The most important findings of this study are the significant increases in AdT 1q , AdT 2q , and T 2 with physical symptoms and structural changes in cartilage and bone. Physical symptoms are considered an important feature for clinical diagnosis of OA. Previous studies have reported elevation of T 1q and T 2 with symptoms. [26] [27] [28] In the present study, AdT 1q , AdT 2q and T 2 were able to differentiate the symptomatic patients from the asymptomatic volunteer group with statistical significance in one ROI. Interestingly, the region is characterized by the low prevalence of BMLs and cartilage loss (only two subjects had cartilage and/or bone marrow lesions in medial PT), while more than half of the symptomatic medial tibial compartments presented P-values from Mann-Whitney nonparametric test, significant differences are shown in bold with gray background. Osteophytes ROI n Mean (SD) n Mean (SD) P-value n Mean (SD) n Mean (SD) P-value n Mean (SD) n Mean (SD) P-value osteophytes. The association between osteophytes and knee pain is well known. 29 In some anatomical sites the association between elevated cartilage relaxation times and physical symptoms may have been masked by the overlap between the two groups in terms of cartilage and/or bone lesions. Since OA is asymptomatic in the earliest stages, 3 it was considered important in this study to evaluate the ability of the quantitative MRI parameters to reflect relevant features connected with the disease, which are elusive to radiographic criteria in the initial stages of the disease. AdT 2q relaxation time constants have been shown to increase with AC degeneration in vitro. [10] [11] [12] 14 In this study, AdT 1q and AdT 2q and T 2 were significantly increased in multiple cartilage sites presenting lesions. AdT 2q relaxation time was the most sensitive to morphological changes in cartilage, with significantly increased values observed altogether in three ROIs. Surprisingly, while the medial compartment was the one with the highest prevalence of lesions, differences in quantitative parameters associated with cartilage defects were significant mostly in the lateral compartment. This result confirms that the link between morphological and biochemical changes may not always be obvious in articular cartilage, particularly in early OA. 34 Among the three parameters, only AdT 2q showed a significant difference in the medial compartment. In the lateral compartment, increased values of AdT 1q and AdT 2q were associated with cartilage defects in tibial load-bearing area (CT), while on the contrary T 2 was significantly elevated in femoral load-bearing region (CF). These dissimilarities may depend on diverse sensitivities of effective relaxation mechanisms to different cartilage components as well as the higher sensitivity of T 2 relaxation time on the magic angle effect. 18 Therefore, the adiabatic rotating frame of reference (RFR) techniques may provide complementary information regarding changes in the cartilage tissue.
Bone marrow alterations can occur at very early stages of OA and are thought to be functional adaptation attempts in response to abnormal loading; hence, being proportional to the applied load magnitude. 35 The findings of this study seem to be consistent with this paradigm and showed the highest prevalence of BMLs in the most critical area for the load-bearing function of the knee joint, the central regions of the medial compartment. The highest prevalence of BMLs (central femur region) was also associated with significantly longer AdT 1q values in cartilage and, although not significant, trend for elevated AdT 2q and T 2 . The specific physiological interactions occurring between articular cartilage and subchondral bone in the different OA stages are currently not completely understood. Nonetheless, it is likely that any pathological change in either tissue would eventually affect the structural and compositional organization of the other. Since the compositional changes are often accompanied by elongation of cartilage relaxation times, reflective of biochemical alterations, the elevated values found in this study are likely reflecting those changes, which may be either cause or consequence of the bone marrow lesions. Previously, it has been shown that a relationship exists between elevated T 2 relaxation values in cartilage and BMLs. 27 In this study, differences in T 2 were close to significance (P 5 0.056) and might have reached significance with a larger sample size. Nevertheless, differences in AdT 1q were statistically significant, suggesting better sensitivity to BMLs as compared to T 2 . At different significance levels, all studied quantitative MRI parameters showed association with osteophytes. The presence of osteophytes is a hallmark of OA 36 and is more predictive of symptomatic knee OA as compared with joint space narrowing. 29 The ROI analysis found significantly elevated AdT 1q , AdT 2q , and T 2 in an equal number of cartilage sites. Particularly AdT 1q presented greater discrimination power for the presence of osteophytes and higher significance as compared to AdT 2q and T 2 .
In articular cartilage, the existence of at least two different interacting proton pools, a large pool of free water protons and a small pool of macromolecule-bound water, has been hypothesized. 37, 38 Both water proton pools contribute to relaxation, although direct measurement of fast relaxing bound water pool requires ultrashort TE acquisition. 38 Previously, the ability of adiabatic rotating frame relaxation time constants to explain a dynamic model of two exchanging water proton populations has been shown. 8, 9, 38 Relaxation in presence of RF irradiation is influenced by molecular interactions between water protons and the structured macromolecules occurring at time scales close to the inverse of the Rabi frequency (the applied spin-lock frequency), 6 thus allowing to indirectly study the cartilage extracellular matrix status. During an adiabatic RF pulse both amplitude and frequency of the pulse vary in time, 7 therefore AdT 1q and AdT 2q are sensitive to an extended range of slow frequency macromolecule-water interactions 8, 9 and, in turn, potentially more sensitive to extracellular matrix alterations. At higher field strengths elevated AdT 1q and AdT 2q have been observed in human degenerated cartilage and showed better accuracy for discriminating mild and advanced cartilage degeneration as compared to T 2 and T 1q relaxation measurements. 14 The association of AdT 1q and AdT 2q with clinically relevant OA features has not been studied in vivo yet. In this study, different levels of significance were found for associations of adiabatic T 1q and T 2q with various OA features, also as compared with T 2 , suggesting different biochemical pathways in AC and different sensitivity of the quantitative MRI parameters for OA features. RFR techniques could be used in combination with other quantitative tools to improve the accuracy of OA diagnostics. The qMRI parameters were significantly positively correlated with each other. Based on the coefficients of nondetermination 1 -r 2 , the unexplained variance was moderate to very high between T 2 and RFR parameters (41-81%) and mild to moderate (27-44%) between AdT 1q and AdT 2q , which further confirms their ability to provide complementary information. The correlation between the parameters was highest in the tibia. This could be explained by the reduced angular dependence of RFR techniques on collagen fibers, 18 which is a dominating factor for T 2 in femur.
Interestingly, the AdT 1q and AdT 2q values in the superficial layers were constantly longer than those previously reported for younger asymptomatic adults (age range 25-35 years). 19 On the contrary, values in the deep layers were more consistent between the groups. This is consistent with the hypothesis that senescent changes in cartilage matrix begin from the articular surface, as observed in a previous study. 39 Some limitations of this study can be identified. First, the limited sample size may have prevented significance from being reached in some ROIs. Furthermore, the present study lacks a reference cohort with no symptoms, KL grade 0, and minimal morphological abnormality findings, required to assess diagnostic performance of these techniques. This warrants longitudinal investigations with a larger number of participants, for it is widely known that a significant fraction of the general population above 50 years shows OA signs in otherwise normal knees. [40] [41] [42] Finally, while the whole knee joints were evaluated with MOAKS, only one slice per compartment was assessed with quantitative MRI, in order to keep the total acquisition time as well as SAR of the prototype RFR sequences within an acceptable range. Although the centers of the femoral condyles and tibial plateau are considered the most relevant areas, foci of increased relaxation time may have existed also at other cartilage regions, potentially masking some significant findings. Future research will be directed towards different imaging strategies able to cover the whole knee within acquisition times suitable for clinical use and to overcome the known limitations of the spoiled gradient echo sequences for measurements of MRI parameters. 43 Furthermore, studies are warranted to compare cartilage T 1q relaxation measured with conventional CW sequences with AdT 1q and AdT 2q in vivo.
In conclusion, this study provides evidence of the association of quantitative MRI with clinical OA features. Specifically, AdT 2q was more closely related to cartilage lesions and AdT 1q to osteophytes and BMLs. The findings suggest the potential of adiabatic T 1q and T 2q as biomarkers for early OA.
